As a type of traditional cycle for electricity generation, the main limitation of the Rankine cycle is the endothermic process for the evaporation (e) of water (w), which does not always fit very well with the trend of the heat source. The Kalina cycle can make up the efficiency loss by using a working fluid of water-ammonia, which has a variable heating process by adjusting the concentration of ammonia in the water absorbent. Based on the Kalina cycle, a combined power and refrigeration generating cycle has been proposed by Goswami, which generally has reasonable exergy efficiency but suffers from the low energy efficiency for the refrigeration process. In this study, a new type of the resorption cogeneration system is designed, which features a comparable electrical generating performance and much higher refrigerating performance than the Goswami cycle. The performances are analysed, and the exergy of the system is calculated. When the system works without heat recovery, h El and COP ref range between 0.072 -0.126 and 0.33 -0.53, respectively; when the heat recovery cycle is included, in which the thermal capacity of the metal and the adsorbent of the adsorber are both considered, the h El and COP ref range between 0.095-0.158 and 0.416 -0.691, respectively. The highest value exergy efficiency of the system is 0.82, which is an improvement by 50% when compared with that of the Goswami cycle.
INTRODUCTION
With the rapid development of the economy and rising energy consumption, finding sufficient supplies of clean energy to satisfy the growing demand has become a major issue [1, 2] . Energy conversion driven by the low grade heat, such as solar energy and waste heat, is conducive to energy saving for power generation and refrigeration systems. The Rankine cycle is widely applied in traditional thermal electricity generation power plants that can use fossil, nuclear, solar and biomass energy sources. However, one major deficiency is that the endothermic process for the evaporation of water does not always fit very well with the trend of the heat source, thus causing the large temperature difference between the heating medium and the evaporating working fluid. One attractive cycle which can compensate this deficiency is the Kalina cycle a working fluid of water-ammonia [3] . Corman et al [4] and Martson et al [5] demonstrated that the Kalina cycle has great potential in recovering the waste heat. Based on the Kalina cycle, a combined power and refrigeration generating cycle, which generally has reasonable exergy efficiency [6, 7] , was proposed by Goswami. Compared with the Kalina cycle, the Goswami cycle requires a precooler between the expander and the adsorber to recover the cooling capacity of the expansion gas. Hasan et al [8] and Vidal et al [9] investigated its reversible and irreversible process performance, respectively, finding that exergy efficiency of the Goswami cycle is reasonable. However, the Goswami cycle suffers from low efficiency of performance (COP) which is generally 0.05 [10] .
The adsorption refrigeration technology offers a wide variety of adsorbents that are suitable for different heat sources. Ziegler et al [11, 12] studied the adsorption cycle and analysed the combined power and refrigeration generating cycle, assuming that adsorption would play the leading role in utilizing low-grade heat sources. The efficiency of the cogenerating cycle was found to be similar to that of the Goswami cycle. In comparison with adsorption refrigeration, resorption refrigeration employs different alkali metal halides that can match different reaction equilibrium temperatures, which can achieve a cascade utilization of energy. A low grade heat source is supplied to an alkali metal halide with high-reaction equilibrium temperature to achieve desorption. The high temperature salt (HTS) is cooled by utilizing the heat sink under the environmental temperature and generates adsorption, facilitating desorption of the low reaction equilibrium temperature of an alkali metal halide salt. Therefore, desorption heat consumed produces a cooling effect. Because desorption heat is higher than evaporation latent heat, COP of the resorption refrigeration cycle [13, 14] is about twice that of the traditional adsorption refrigeration cycle. The resorption cycle also features a simple structure due to the fact that it does not need an evaporator or a condenser (cond).
On the basis of the resorption cycle, a new type of combined power and refrigeration generating cycle is proposed. The main difference is that an expander is added between the hightemperature adsorption bed and the low-temperature adsorption bed, and at the same time, a precooler and superheater are used to improve the effect of power generation and refrigeration. The system is regenerative and is comprised of two processes: desorption to generation and adsorption to refrigeration.
DESIGN OF THE CYCLE
The combined resorption cycle for power and refrigeration generation is shown in Figure 1 . It mainly includes one HTS bed, one low-temperature salt (LTS) bed, one turbine, one precooler, two heat exchangers and one heating oil tank. Its working processes are shown in Figure 1a and b, and the red line represents oil passage; the green line represents ammonia passage; the blue line represents water passage:
(1) Electrical generation and adsorption refrigeration process.
In this process, the HTS bed is heated by the low grade heat, the desorbed ammonia is expanded in the turbine and generates the electricity there. The expanded ammonia can provide refrigeration in the precooler if its temperature is lower than the refrigerating temperature. After that, it will be adsorbed by the LTS bed. (2) The resorption refrigerating process. In this process, the HTS bed is cooled by the environmental medium such as the cooling water, and it will adsorb the refrigerant, i.e. ammonia from the LTS bed when its pressure is lower than that of LTS bed. The desorption process of the LTS will generate the refrigeration by a desorption process.
For the power generating process in Figure 2 , first, the heat provided by Heat source 2 heats the bed of HTS. A part of heat provides the sensible thermal capacity of salt and ammonia compounds, another part of heat provides desorption heat of HTS and ammonia compounds, in which a part of heat converts into the enthalpy of ammonia vapour H 5 . After that, the ammonia vapour is heated inside the superheater by Heat source 1, and then it enters the turbine to generate the electricity. The thermodynamic equation for the power generation is (the expansion is assumed as isentropic expansion):
where W is the electrical power generated by turbine (kW), H is the enthalpy of ammonia at different positions (kJ/kg) and _ m is the flow rate of the ammonia vapour (kg/s).
where Q h is the heat provided by Heat source 1 (kW) and Q de is the heat from Heat source 2 (kW). Q de includes two parts, one part is for the sensible thermal capacity of HTS and ammonia compounds, which is heated from the temperature after heat recovery (T hre , K) to the temperature of desorption (T deH , K). Another part is for the desorption enthalpy of HTS and ammonia compounds, i.e. DH HTS (kJ/kg). T adH is the temperature after adsorption ( o C), DH deH is the difference between the final enthalpy and the beginning enthalpy of HTS and NH 3 compounds, m ad is the mass of HTS and ammonia compounds (kg), C p is the specific heat of HTS and ammonia compounds (kJ/(kg . K)) and t H is the heating time (s).
where h El is the theoretical energy coefficient of performance (COP) for electrical generation. Because the temperature for the bed of LTS is nearly equal to the environmental temperature of T c , the corresponding equilibrium pressure in the bed of LTS and the precooler is low. For such a value, the expanded ammonia vapour depends on the amount of superheat but ammonia vapour of the system has the temperature lower than the environmental temperature, thus, it could provide the refrigerating quantity (Q ref1 , kW) with the enthalpy difference of ammonia vapour. The thermal balance equation for it is:
In this process, theDH adL is the enthalpy difference between the final state and the beginning state of LTS-ammonia compounds (kJ/kg), and the Q LL is the heat injected to the cooling source (kW). The resorption refrigeration phase is much simpler. First, the bed of HTS is cooled by the cooling source, and its temperature will be controlled at the level of T adH, which is decided by the resorption pressure. In this process, it adsorbs the ammonia vapour from the bed of LTS. Under the pressure drop between the adsorber of HTS and the adsorber of LTS, the bed of LTS desorbs, and the desorption heat of LTS generates the cooling power. The equation of the cooling power is as follows:
where Q ref2 is the refrigeration quantity (kW), DH LTS is the enthalpy for desorption of LTS and ammonia compounds, and DH deL is the difference between the final enthalpy and 
PERFORMANCE ANALYSES FOR THE APPLICATION IN A COMBINED SYSTEM
For the application in an adsorption system, the working performance is mainly influenced by the heat transfer and mass transfer performance. For the LTS, the biggest resistance is the mass transfer performance in the resorption refrigeration process. BaCl 2 was chosen for this application because of its potential for the good mass transfer performance [15] . BaCl 2 has a better equilibrium resorption refrigeration performance than PbCl 2 and a higher resorption pressure than CaCl 2 .
The bed for the resorption system was designed as a tubeshell heat exchanger, which is shown in Figure 3 . A consolidated adsorbent of chloride and expanded natural graphite, packed on to the heat transfer pipes, is utilized in the system. Baffle plates are also utilized to increase the flow velocity of the heat transfer medium, as well as the heat transfer coefficient. The COP will be influenced by the metal mass of the bed in the application. For the cycle without heat recovery, the heating heat is calculated using the following equation:
where m me is the mass of metal and C pme is the specific heat of metal. _ m Â t H is equal to the ammonia mass in the heating and desorption time.
The bed was designed for a 15 kW refrigeration capacity and a maximum pressure of 3.5 MPa. Assuming a cycle time of 30 min, the mass of different HTS was calculated to be ,30 kg. The material from which the bed was made was generally carbon steel for the reason that ammonia will corrode copper, and some salts such as NiCl 2 will corrode aluminium. Assuming that the density of the consolidated adsorbent is 400 kg/m 3 , and the mass ratio of salts is 80%, the metal mass of the bed for the HTS was estimated to be 431.9 kg when the adsorbent mass is 30 kg. For such a system, the ammonia mass in the heating and desorption phase is 13 kg, which is equal to the ammonia for the resorption phase and can be calculated by the refrigerating power, reaction heat of BaCl 2 and cycle time. The performance was calculated for the system without heat recovery. The results are shown in Figure 4 . The h El (Figure 4a ) and COP ref (Figure 4b ) are very much influenced by the thermal capacity of the metal materials. h El and COP ref range between 0.072 -0.126 and 0.33 -0.53, respectively, which decrease around 30 -38% when compared with the data without considering the metal thermal capacity. The performance could be improved by the heat recovery between two HTS beds for the system, and the equation is as follows:
The performance of the heat recovery cycle, in which the thermal capacity of the metal and the adsorbent of adsorber are both considered, is shown in Figure 5 . 4 PERFORMANCE CACULATION FOR THE COMBINED SYSTEM Figure 6 shows the schematic design of the unit tube of adsorption bed in Figure 3 , which consists of a layer of consolidated compound adsorbents, a unit tube and the flowing heat transfer fluid. In order to simplify the mathematical model, some of the following assumptions are needed:
(1) Heat and mass transfer only occurs through the radial direction (r); (2) There is no temperature differences between the adsorbent and refrigerant any time; (3) During the adsorption/desorption progress, the pressure of the adsorption bed is constant; (4) Gaseous phase state equation follows the R-K equation and the vapour velocity in the adsorbent is calculated according to Darcy's law; (5) Temperature variation in the radial direction is neglected for both the heat transfer fluid and the tube.
The one-dimensional unsteady state energy balance and mass transfer balance differential equations are used as the main governing equations. The detailed descriptions are as follows: (a) Energy balance of the adsorption bed.
where x is the adsorption faction, l eff is the effective thermal conductivity of the adsorbent, 1 a is the porosity of the adsorbent, and r is the radius of single tube.
where N g is the molecular adsorption faction (mol/mol), K st is the dynamic coefficient, 1 a is the porosity of the adsorbent, r c is the radius corresponding to the reaction area, r g is the radius of grain and P i is the gas pressure corresponding to the reaction area.
(b) Mass balance of the adsorption bed.
where v g,r is the radial vapour diffusive velocity, which is determined from the equation of gas motion and the Darcy law.
The gaseous phase state equation follows the R-K equation, where the error is ,0.8% for the NH 3 gas in such an adsorption system.
where Z is the compressibility factor, which is calculated by P r0 and T r0 .
(c) Energy balance of the heat transfer fluid and the metal tube (m).
(d) The initial and boundary conditions. Initial conditions:
Boundary conditions:
The system performances of such a unit tube adsorption bed can be reflected with the COPs and specific cooling power (SCP), and they are calculated as follows:
where Q e is the refrigeration capacity, Q h and Q de are the heats of inputting to system and t cycle is the time of one cycle. The fully implicit difference method was employed to solve the one-dimensional partial differential equations mentioned above with the MATLAB software [16] . Table 1 lists the main related data used for the calculation of single tube. For each compound adsorbent, thermal property is chosen by density 400 kg/m 3 and ratio 75%. Table 2 shows the results of SCP and COP of the five kinds of adsorbent systems. As the single tube is calculated, four working pairs were also chosen to do the performance calculation of resorption. Table 3 shows the results of SCP and COP of the four working pair 
CONCLUSIONS
A new type of combined power and refrigeration generating cycle has been designed; both the tube of adsorption bed and system were analyzed. The main conclusions are as follows:
(1) The novel resorption cycle described has a promising future for those applications that require both electricity and refrigeration. Compared with the Rankine cycle and the Goswami cycle, the cycle has advantages over them such as higher exergy efficiency. 
